This paper presents analysis of an unexpected failure during vibration and shock life test of an electronic circuit board that has been in use for more than 15 years. During testing, an aluminum bracket used to mount a transistor and provide a path for heat transfer was damaged. Prognostic methods were employed to determine whether the bracket failure could have been predicted prior to the life test. Details of the analytical calculations and modeling results are described in this paper. Results show that the failure could have been predicted before actual testing.
Introduction
Over the years NASA has observed some component failures in the space shuttle's solid rocket booster's (SRB) integrated electronic assembly circuit cards after the recovery of the boosters from the sea. Each of the SRBs contains integrated electronic assemblies (IEA), which control the launch, ascent, separation, reentry, and recovery phases of the booster's flight. A life test was conducted for a printed circuit board (PCB) from the aft IEA box to assess the remaining life of the PCB. This paper describes the life test conditions, the analysis of the life test results and prognostics to predict remaining life.
The printed circuit board (test article) is a rectangular, single sided circuit card with FR4 substrate, to which resistors, capacitors, diodes, transistors, transformer assemblies, connector, and optocouplers are mounted. All but four transistors and two transformers are insertion mount components. The four transistors are mounted on the aluminum brackets that are part of the aluminum wedge frame riveted to the test article. The two transformers are affixed to the center of the test article with screws. The C shaped aluminum frame on the test article is used to slide the test article into the birtcher guides in the IEA box. Figure 1 shows the printed circuit board and the aluminum frame riveted to it. The test article life history consist of one (1) flight prior to installation of vibration isolators, seven (7) flights after installation of vibration isolators, fifteen (15) exposures to acceptance level vibration tests, and twenty-seven (27) exposures to acceptance temperature cycle tests.
Figure 1: Printed circuit board from the integrated electronic assembly box under test
The initial estimate of the remaining life of the test article was obtained by conducting a prognostics remaining life assessment based on a physics-of-failure stress and damage accumulation analysis. This assessment was conducted for out-of-plane axis of the test article. This analysis involves using the material properties and geometry of the product and the measured life cycle loads to assess the dominant failure mechanisms [1] . Based on a loadstress simulation, the physics-of-failure damage models give an estimation of the accumulated damage for the product in its life cycle environment.
The software used for the prognostics remaining life assessment consists of a set of simulation tools that use various thermo-mechanical and mechanical stress and damage models [2] . Using the damage models the damage caused due to each type of life cycle load condition was calculated. The total damage accumulated is the sum of damage caused by each load condition for each life cycle. To determine the total damage accumulated for one future life cycle, the future life cycle loading conditions were assumed to be same as the past load history. The remaining life of the circuit card was then estimated by subtracting the damage to date from the failure criteria (in this case, damage = 1) and dividing the value by damage per future life cycle. From the virtual remaining life assessment it was estimated that the test article could survive forty (40) more launch missions before any failure occurred.
Experimental testing was conducted to verify the results of the prognostics remaining life assessment. Since each launch mission lasted for only 8 minutes, a life test, rather than an accelerated test, could be conducted. The objective of the life testing was to subject the test article to continuous life profiles until a failure occurs and compare the result to the prognostic remaining life assessment estimate.
Testing
Based on the Prognostic remaining life assessment, a life test was planned. It was determined that the random vibrations during pre flight acceptance test and during the actual flight and the shock on water impact were the most damaging loading conditions that the test article experiences. The temperature changes during flight and during storage, transportation and acceptance test were determined to cause insignificant damage to the components on the test article. Thus, for this life testing, the test article was subjected to only random vibration and shock loads.
Test loads
The life test involved simulating the vibration and shock loads representative of the actual operating conditions of the test article. The low PSD section profile was estimated by calculating the time-weighted average PSD value at each frequency point for the low PSD events. A plot of the time averaged PSD versus the frequency was developed and a profile enveloping the time-averaged profile was generated such that the profile could be reproduced on the vibration table. The life test low PSD profiles for the X, Y and Z-axis vibration were generated using this process. Figure 3 shows the estimated life test low PSD profile X-axis input to the vibration table. Frequencies where the PSD value peaked were used to calculate the high PSD profile. The high PSD section profile was estimated by selecting the maximum PSD value at each frequency point for the first thirty-one (31)
events. The thirty-second event is the shock event and hence excluded from the calculation. By combining all the maximum PSD values at each frequency, a PSD profile was generated. The high PSD profile thus generated was simplified for the vibration table input, by selecting a set of PSD data points that covered the acceleration peaks of the profile [2] .
The shock spectrum profile generated by NASA was used as the shock load during life testing. The vibration acceptance load profile provided by NASA was simplified by selecting a set of PSD data points that covered the acceleration peaks of the profile around the actual PSD profile and this simplified profile was used as input to the vibration table. The low PSD, high PSD, shock profile and the vibration acceptance PSD profile were developed for the X, Y and Z axis of the test article.
Test cycle, sequence and duration
The sequence in which the test loads were to be applied to the test article was determined on the basis of the actual life cycle loading sequence. Figure 4 shows the schematic of the test loading sequence. A complete test cycle was defined as a test sequence in the x (out of plane) axis, followed by one in the y (in plane) axis, followed by one in the z (second in plane) axis. One complete test cycle is equivalent to one flight mission of the test article.
Figure 4: The sequence in which the life test was conducted
During an actual flight the combined duration for the high vibration level events is 32.3 seconds. Since the high vibration loading levels was estimated by taking the maximum PSD value for each frequency level for thirty-one (31) events, the time duration for the life test high vibration sequence cannot be the same as the total flight time. The application time for the high vibration life test segments was determined by equating the damage induced by the proposed test levels to the damage sustained in use [3] . The mathematical equation for relating the test times is based on the assumption that the time to failure of the system can be modeled as a power law [4] . Specifically,
For vibration-induced damage it is generally assumed that the stress at the failure site is directly proportional to the square root of PSD level at the natural frequency of the system as shown in equation (2) . The conservative value of b is -6.4 in this equation [5] .
Using equation (2), the duration for which the high vibration section is to be applied during the life testing was estimated as 0.5 seconds. The vibration acceptance test section was applied for 60 seconds, which is the same duration as in the actual acceptance test. For the low vibration level the life test time duration was 400 seconds, which is similar to the combined low vibration event times in actual operation. The life test shock loading duration was 0.2 seconds, which is similar to that during actual operation.
Test procedure
The life test for assessing the remaining life of the test article was conducted in four stages. In the first stage the test fixture was characterized, whereby the goodness of fit of the fixture and interface plate was assessed, the ruggedness of the assembly was verified and the resonance frequencies of the fixture assembly were determined.
In the second stage the test loads were validated. A sample-engineering card, which was physically and functionally identical to the test article, was used to test the appropriateness of the random vibration and the shock load levels specified for the life test and to check whether the test article would sustain the loading conditions.
In the third stage an optical inspection of the test article was conducted. The components on the test article, their leads and the solder interconnects were inspected to document the initial condition of the test article before entering the test. The optical inspection was to be conducted after each test cycle.
In the fourth stage, the actual test article was subjected to the defined vibration and shock load levels in the defined sequence for the defined duration. The test article was connected to a power source and fully functional during the test.
Two accelerometers were attached to the front surface of the test article to monitor its dynamic response to the input vibrations. Two strain gauges were affixed on the backside of the test article to measure the board curvature.
The electrical monitoring was set up by one of NASA's contractors.
The test set up assembly had two parts: the fixture and the interface plate. The interface plate was first affixed on to the adapter plate of the vibration table and the fixture was secured on top of the interface plate. Aluminum birtcher guides were secured onto the fixture and a connector with the electrical wires was affixed on one side of the fixture. Finally the instrumented test article was slid into position through the aluminum guides. The test article was then subjected to the test loads. To reduce the total time for testing the test sequence was repeated ten (10) times in one axis before proceeding to the next axis to reduce the number of changeovers in the vibration test equipment.
Test results
The test article functioned to specifications when subjected to 10 test load sequences in the out-of-plane (X) axis. During the sixth (6) acceptance test vibration level loading sequence, in the Y-axis, an aluminum bracket structure on which a transistor was mounted, broke off from the aluminum frame affixed on the test article ( Figure   5 ). Two of the remaining three brackets developed cracks at the bend; the third one did not show any signs of damage. The electrical functioning of the test article was not impeded by the bracket failure. The life test was stopped at this point. Experimentally the first mode frequency of the unbroken bracket was determined as 600Hz
and that of a cracked bracket was 400Hz. The following sections describe the analysis steps for determining the cause of failure. 
Natural frequency estimation
The aluminum frame is a one-piece C shaped cast structure that is bent at four locations to form the bracket support for the four transistors. The aluminum frame is riveted to the test article at 11 locations. The frame material is 1100 H14 aluminum. The 13 gram transistors are screw mounted approximately at the center of the section perpendicular to the board. The fracture occurred at the location where the aluminum frame is bent 90 o to form the bracket.
The individual bracket was considered as a cantilever beam with a fixed base and a uniform load, for calculating the natural frequency. Figure 6 shows the assumption of the simple bracket.
Figure 6: Bracket as a cantilever beam with uniform load
The natural frequency of the bracket and transistor assembly was estimated using Dunkerley's formula [6] , which considers the system as a cantilever beam with some non-negligible mass having an end mass at its tip. A spectrum analysis of the simple bracket model was conducted using the random vibration profile of one operation cycle. The results of the spectrum analysis showed that the maximum stresses would be at the area of the bend in the aluminum bracket.
Damage calculation
Since the stresses due to the loads are concentrated at the bend of the bracket, repeated stress reversals could cause cracks. Further stress reversals would grow the cracks and eventually cause the bracket to break at this bend.
During the life test the test article was not excited above 1000 hertz. For damage assessment the natural frequency of the bracket was assumed as 950 hertz. This value is the mean of the lowest estimated natural frequency value and the highest possibly excited frequency. The effects of the random vibration and shock loads at the fixed based of the cantilever beam were analyzed separately.
Random vibration load
The transmissibility function Q represents the ratio of the maximum output force to the maximum input force. This is expressed in equation 6 [5] :
The G RMS acceleration response was estimated using the input PSD value in g 2 /Hz at the first mode frequency, using the formula:
To calculate random vibration effects, a three-band technique was used. This technique is based on the Gaussian distribution wherein the instantaneous accelerations between +1σ and -1σ are assumed to act at the 1σ level 68.3% of the time. Likewise the instantaneous accelerations between +2σ and -2σ are assumed to act 27.1% times and those between +3σ and -3σ act 4.33% of the times [5] . To use this technique, the RMS bending stress S b was estimated using the formula:
where M is the RMS bending moment given by M = m 2 GL, and c = thickness/2. The stress concentration factor K, for aluminum, is assumed to be 2 [5] . The number of stress cycles required to produce fatigue failure 'N 1 ', using the 3-band method is given by
where N 2 = 1000, S 2 = 1.24 x10 8 Pa and b = 6.4 [5] . The actual number of cycles 'n', applied during the operation, is estimated by multiplying the time period, the first mode frequency and the percentage of times corresponding to each sigma band.
where n 1 , n 2 and n 3 are the actual number of cycles in the 1σ, 2σ and 3σ bands and t is the time. The corresponding cycles to failure for the 1σ, 2σ and 3σ bands are given by N 11 , N 12 , and N 13 which are calculated as: ( 1 1 ) From the values of N and n, the damage ratio D was calculated using the formula: The above procedure was performed for each load type that the test article and the aluminum bracket experienced. Analysis for the different loading conditions generates the individual damage ratios for each segment.
The total damage ratio is the sum of all the individual damage ratios. The damage to the aluminum bracket caused due to the different life cycle usage conditions are detailed in Table 1 . The total damage ratio due to all the random vibration loads was calculated to be 0.095. 
Shock load
The test article experienced a total of eight shock events. The shock was modeled as a harmonic vibration [7] .
For a sinusoidal harmonic load the displacement of the bracket Z is estimated using the formula:
where G in is the peak input acceleration, Q is the transmissibility and f is the forcing frequency of the harmonic. In the case of the bracket, the harmonic shock load is transmitted to the aluminum bracket from the printed circuit board. The value of Q is based on the frequency ratio R Ω .
where f n is the natural frequency of the bracket. The transmissibility is estimated using the frequency ratio as:
The calculated value of displacement was equated to the static deflection of the cantilever beam. The bracket was considered as a cantilever beam with uniformly distributed mass from the free end, through a distance 'a', towards the fixed end of the beam. Figure 9 shows the simplified model of the bracket. The equation for static deflection'd', of such a cantilever beam is:
( 1 6 ) where w is the total mass, E is the modulus of elasticity of the beam material and I is the area moment of inertia of the beam [8] . 
( 1 7 ) The bending stress S b is calculated using the formula:
where M is the bending moment, I is the area moment of inertia and c is the distance to the neutral axis. The value of c is equal to half the bracket thickness. The stress concentration factor K, for aluminum, is assumed to equal 2 [5] . The value of stress is then used to estimate the cycles to failure for the cantilever beam.
( 1 9 ) where N 2 = 1000, S 2 = 1.24 x10 8 Pa and b = 6.4 [5] . The rate of the total number of cycles to failure to the actual number of cycles, n, that the board has experienced, was used to estimate the damage ratio D, for the bracket due to shock, using the formula:
Measured shock data was provided in the form of acceleration versus time plots. The assumption is that the shock experienced by the printed circuit board is transmitted to the aluminum bracket, since the bracket is riveted to the test article. The shock was modeled as a sinusoidal harmonic vibration load in order to account for the damage accumulated in the bracket due to each occurrence of the shock event. From the shock data available, the forcing frequency of the harmonic vibration was assumed as 110 hertz. Figure 10 shows the Y-axis shock data.
The shock event lasts for 0.2 seconds. There are a total of 22 significant sinusoidal harmonic waves of different amplitudes. The effect of each sinusoidal wave was individually analyzed. The mean amplitude for each harmonic wave was estimated and used as the input G value. The damage due to each harmonic load was estimated, then summed together to get the total damage due to the shock event. This value multiplied by eight gives the total damage to date in the bracket after the 8 flights. The total damage in the aluminum bracket, caused due to the shock conditions at water impact after 8 flights, was 0.698. 
Total damage ratio
The total damage to the aluminum bracket due to all the random vibration loads during its life cycle and during the life test was 0.095. The damage due to all the shock loads during the life cycle was 0.698. The total damage to the bracket to date is the sum of the damage due to random vibration and the shock loads. Hence the total damage ratio of the bracket was approximately 0.8.
Conclusions
Under life cycle application conditions, mechanical mounting and support structures can potentially suffer high damage, sometimes more than the damage to the electronic components on the electronic board. The failure modes and mechanisms of such structures cannot be neglected in analysis of electronic circuit cards. The design of life or accelerated tests needs to account for the accumulated damage in all parts of the system.
Based on the analysis it was determined that the aluminum brackets of the test article had lost significant remaining life prior to testing. The damage to the aluminum bracket due to the life cycle random vibration loadings is negligible while the damage due to the shock events from the 8 flights is substantial. The in-plane random vibration load generated during life testing added to this damage and caused the bracket to fail. The in-plane random vibration would not, by itself, cause the bracket to fail.
It is also concluded that the measured natural frequency value obtained from testing was lower than the value estimated using analytical and FEM methods because it was captured after the cracks had already developed in the aluminum frame.
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